Phosphodiesterase type 4 (PDE4) is a family of enzymes that selectively degrade intracellular cAMP. PDE4 inhibitors have been shown to regulate the rewarding and reinforcing effects of cocaine, but the underlying mechanisms remain poorly understood. Here we show that pretreatments with the PDE4 inhibitor rolipram attenuated cocaine-induced locomotor sensitization in mice. Repeated cocaine exposure in vivo caused a decrease in inhibitory postsynaptic currents (IPSCs) and an increase in the AMPAR/NMDAR ratio in ventral tegmental area (VTA) dopamine neurons in midbrain slices ex vivo. Cocaine exposure disrupted the balance between excitation and inhibition as shown by an increase in the excitation to inhibition (E/I) ratio. Rolipram pretreatments in vivo prevented cocaine-induced reductions in GABAergic inhibition but did not further increase cocaine-induced potentiation of excitation, leading to the restoration of a balance between excitation and inhibition and normalization of the E/I ratio. In support of this idea, we found that repeated cocaine exposure led to an increase in the single-unit action potential firing rate in vivo in VTA dopamine neurons, which was blocked by rolipram pretreatments. These results suggest that repeated cocaine exposure in vivo disrupts the balance between excitation and inhibition in VTA dopamine neurons, while PDE4 inhibition reestablishes the balance between excitation and inhibition through distinct mechanisms.
INTRODUCTION
Phosphodiesterases (PDEs) are a family of enzymes that hydrolyze intracellular cAMP and cGMP (Conti et al, 2003) . There are 11 subtypes of PDEs (PDE1-11); amongst them, PDE4 selectively hydrolyzes cAMP (Lugnier, 2006; Zhang, 2009) . Non-selective PDE and PDE4-specific inhibitors reduce drug intake and/or drug seeking for psychostimulants, alcohol, and opioids (Olsen and Liu, 2016; Wen et al, 2015) , suggesting that inhibitors of PDE4 or other PDE isoforms alter common drug-induced neuroadaptations in the reward circuitry of the brain. Selective PDE4 inhibitors such as rolipram significantly reduce cocaine-induced increases in locomotor activity, behavioral sensitization, conditioned place preference (CPP) and self-administration (Janes et al, 2009; Knapp et al, 1999; Thompson et al, 2004) . PDE4 has thus emerged as a potential therapeutic target for the treatment of substance abuse and substance use disorders (Olsen and Liu, 2016; Wen et al, 2015) .
The mechanisms by which PDE4 inhibitors reduce behavioral effects of drugs of abuse remain poorly understood. Presynaptic G i/o -coupled receptors, such as CB 1 and D 2 , have been implicated in the actions of drugs of abuse (Johnson and Lovinger, 2016; Wang and Lupica, 2014; Wang et al, 2015; Xi et al, 2006) . We have shown that PDE4 inhibitors blocked the acquisition of cocaine CPP and blocked endocannabinoid-mediated long-term depression of inhibitory synaptic transmission (I-LTD) in the VTA (Zhong et al, 2012) . However, it remained unknown whether and how administration of the PDE4 inhibitors in vivo affected cocaine-induced long-term synaptic plasticity. Repeated cocaine exposure in vivo leads to a decrease in GABAergic inhibition of VTA dopamine neurons (Bocklisch et al, 2013; Liu et al, 2005) , which primes excitatory synapses for LTP induction (Liu et al, 2005) . Single or repeated cocaine exposure in vivo potentiates excitatory synaptic transmission as shown by an increase in the AMPAR/ NMDAR ratio in VTA dopamine neurons ex vivo (Argilli et al, 2008; Bellone and Luscher, 2006; Borgland et al, 2004; Liu et al, 2005; Mameli et al, 2007; Ungless et al, 2001) . In the present study, we examined whether the administration of the PDE4 inhibitor rolipram in vivo altered cocaine-induced effects on inhibitory and excitatory synaptic plasticity in VTA dopamine neurons.
Balance between excitation and inhibition is essential for normal function of the brain. The imbalance between excitation and inhibition has been implicated in a variety of neurological disorders including epilepsy, schizophrenia, and autism spectrum disorders (Nelson and Valakh, 2015; Tao et al, 2014) . We examined whether repeated cocaine exposure in vivo altered the excitation to inhibition (E/I) ratio in VTA dopamine neurons, and if so, whether rolipram affects cocaine-induced changes in the E/I ratio. An altered balance of excitation and inhibition may directly impact action potential firing in vivo, leading to an altered output of behaviorally relevant neuronal populations. We performed in vivo single-unit recordings to determine whether cocaine exposure and rolipram treatments altered action potential firing in VTA dopamine neurons. Our results indicate that repeated cocaine exposure in vivo increases the E/I ratio in VTA dopamine neurons ex vivo and action potential firing in vivo. Rolipram pretreatments, however, prevent cocaineinduced reductions in GABAergic inhibition and do not further increase cocaine-induced potentiation of excitation, leading to a restoration of the balance between excitation and inhibition in the VTA, thereby suggesting a putative cellular mechanism for the PDE inhibition-induced attenuation of cocaine-induced behavioral effects.
MATERIALS AND METHODS
Methods and materials are described in detail in Supplementary Materials and Methods.
Animals
Roughly equal numbers of male and female adult C57BL/6 mice (8-10 weeks) were used. Homozygous GAD-Cre mice (Gad2-IRES-Cre) were obtained from the Jackson Laboratory and maintained on the same C57BL/6 background.
Animal Surgery and intra-VTA AAV Microinjections
Gad2-IRES-Cre mice (8-10 weeks old) of either sex were anesthetized and placed in a stereotaxic device. AAV DJ-EF1-DIO hChR2-(H134R)-eYFP (Stanford Neuroscience Gene Vector and Virus Core) was microinjected bilaterally into the VTA. Mice were allowed to recover for 1 week before starting experiments.
Slice Electrophysiology
Horizontal midbrain slices (200 μm thick) were cut using a vibrating slicer (Leica VT1200s, Nussloch, Germany), as described in our recent studies Yu et al, 2013) . EPSCs and IPSCs were recorded as we have described (Pan et al, 2008a) . For recording of excitation-inhibition ratio (E/I ratio), VTA dopamine neurons were identified by electrophysiological properties (Chieng et al, 2011; Johnson and North, 1992; Jones and Kauer, 1999) and voltageclamped alternatively at the reversal potentials for EPSCs (0 mV) and IPSCs (−60 mV). For optogenetic stimulation of hChR2-positive GABAergic neurons in the VTA, laser pulses (1 ms, 473 nM) were delivered every 30 s. AMPA/NMDA receptor (AMPAR/NMDAR) ratio was measured based on published studies (Liu et al, 2005; Saal et al, 2003) .
In Vivo Electrophysiology
Mice were anesthetized and positioned in a stereotaxic frame, and craniotomies were performed to allow in vivo single-unit recordings of VTA dopamine neurons. Electrodes (10-15 MΩ) were filled with 2 M NaCl containing 1.5% neurobiotin. Dopamine neurons were identified by a broad triphasic extracellular action potential of a width 42 ms and a relatively slow firing rate (o10 Hz; Chaudhury et al, 2013; Ungless et al, 2004) . To confirm cell type and electrode placement, neurons were juxtacellularly labeled with neurobiotin.
Immunofluorescence Staining
Mice were anesthetized and perfused transcardially with paraformaldehyde. Coronal VTA sections (30 μm) were cut and incubated with primary and secondary antibodies. Confocal imaging was performed using a Nikon TE2000-U inverted microscope equipped with the C1 Plus confocal system.
Data Analysis and Statistics
All results are expressed as mean ± SEM. sIPSCs were analyzed using Mini-analysis (Synaptosft; Zhong et al, 2015) . E/I ratio was calculated as the current ratio of EPSCs and IPSCs (EI = EPSCs − 60 mV /IPSCs 0 mV ). The ShapiroWilk test was used to test the normality of the sample distributions, and samples were considered to be normally distributed at p40.05. Results were analyzed with Student's t-test or two-way ANOVA or repeated ANOVA followed by Tukey's post hoc analysis. Results were considered to be significant at po0.05.
RESULTS

Rolipram Attenuated Cocaine-Induced Locomotor Sensitization
We examined the effects of the PDE4 inhibitor rolipram on cocaine-induced locomotor sensitization in male (n = 20) and female (n = 19) mice. Mice were first allowed to habituate to the open-field chamber for 2 days. Female mice exhibited significantly higher basal locomotor activity than male mice (t 37 = 5.4, po0.001; Supplementary Figure 1a) . Starting from day 3, the male and female mice were randomly divided into four groups, and the mice received daily injections of saline or cocaine (15 mg/kg, i.p.) for 5 days. Rolipram (1 mg/kg, i.p.) or vehicle was injected 30 min before cocaine or saline injection. Three-way ANOVA of locomotor activity from day 3 to day 7 indicated that cocaine produced significant increases in locomotor activity in both sexes, a significantly greater increase in locomotor activity in female mice than in male mice, and that rolipram pretreatments significantly attenuated the cocaine-induced increase in locomotor activity in both male and female mice; there was no significant interaction between rolipram and sex (Supplementary Figure 1b, GABAergic inhibition may contribute to the increase in the excitability of these neurons (Bocklisch et al, 2013; Liu et al, 2005) . Having shown that rolipram pretreatments attenuated cocaine-induced locomotor sensitization ( Supplementary  Figure 1) , we examined whether spontaneous IPSCs (sIPSCs) were altered in VTA dopamine neurons in slices prepared from these mice. One day after the locomotor test, mice shown in Supplementary Figure 1 were killed and midbrain slices were prepared. sIPSCs were recorded from VTA dopamine neurons in slices from these eight groups of mice. Male and female mice did not exhibit significant differences of the mean frequency and amplitude of sIPSCs among corresponding groups (Supplementary Figure 2) ; the data from both sexes were pooled in each group for subsequent analysis. Two-way ANOVA showed that cocaine and rolipram treatments had significant effects on the mean frequency of sIPSCs (cocaine: F (1,57) = 5.7, p = 0.020; rolipram: F (1,57) = 20.7, po0.001; cocaine × rolipram interaction: The cumulative distribution for interevent intervals of sIPSCs was right-shifted in the vehicle/ cocaine group compared to that in the vehicle/saline group, and this shift was blocked by rolipram pretreatment (Figure 1d ). The cumulative distribution for the amplitude of sIPSCs was left-shifted in the vehicle/cocaine group, and this shift was blocked by rolipram pretreatments (Figure 1e ). Together, these results indicate that repeated cocaine exposure in vivo led to decreases in sIPSC frequency and amplitude, and these decreases were blocked by rolipram pretreatments.
Acute Rolipram Perfusion Increased GABAergic Inhibition of VTA Dopamine Neurons
VTA dopamine neurons receive inhibitory synaptic inputs from local GABAergic neurons in the VTA as well as GABAergic axonal projections from the nucleus accumbens (NAc) (Bocklisch et al, 2013) . We examined whether acute rolipram perfusion altered the strength of inhibitory inputs from VTA GABAergic neurons to VTA dopamine neurons by selectively expressing channelrhodopsin2 (hChR2) in GABAergic neurons. AAV DJ-EF1-DIO-hChR2-(H134R)-eYFP (denoted hChR2-eYFP for simplicity) was bilaterally microinjected into the VTA of Gad2-IRES-Cre mice. After recovery for 1 week, immunohistochemical staining indicated that the hChR2-eYFP was co-labeled with NeuN, a neuronal marker, but not with tyrosine hydroxylase (TH), a marker for dopamine neurons. The hChR2-eYFP was expressed in 95.1 ± 4.6% of TH -neurons and was largely limited to the VTA (Supplementary Figure 3) , indicating robust targeting of non-dopaminergic, putative GABAergic neurons in the VTA (Figures 2a, n = 3 mice/group). hChR2-eYFP was expressed in axonal terminals in the NAc, which is consistent with long-range GABA projections from the VTA GABAergic neurons to NAc (Brown et al, 2012) . Importantly, we did not observe any hChR2-eYFP expression in the somata of NAc neurons as shown by Nissl co-staining (Supplementary Figure 4) . The lack of retrograde hChR2-eYFP expression suggests that optogenetic stimulation activates hChR2 expressed on local VTA GABAergic neurons.
We first recorded IPSCs in VTA dopamine neurons evoked by optogenetic stimulation of axonal terminals from local GABAergic neurons. Dopamine neurons were identified by electrophysiological properties as well as the lack of eYFP fluorescence. Single laser pulses (473 nm, 1 ms duration) induced an inward current in VTA dopamine neurons at − 60 mV, which was abolished by the GABA A receptor blocker picrotoxin (50 μM, n = 3; Figure 2b ). The currents were voltage-dependent and had a reversal potential of -20.5 ± 3.6 mV (n = 7; Figure ) and amplitude (c) of sIPSCs in VTA dopamine neurons in these four groups of mice. The mean frequency and amplitude of sIPSCs were significantly decreased in cocaineinjected vehicle-treated mice (***po0.001, n = 15-16), and this decrease was blocked by rolipram pretreatments (***po0.001, n = 14-16). (d, e), The cumulative probability plots indicated that cocaine exposure led to shifts in the distribution of the inter-event intervals (d) and amplitude (e) in vehicle-treated mice; these shifts were blocked by rolipram pretreatments (po0.001, n = 13-16).
PDE4 inhibition restores E-I balance in the VTA X Liu et al by electrical stimulation had a similar reversal potential (−20.9 ± 3.8 mV; n = 8), and were blocked by picrotoxin (n = 2; Supplementary Figure 5a ). We also made recordings from eYFP + GABAergic neurons in the VTA. The same single laser pulses induced currents that showed strong inward rectification, reversed at~0 mV and were not altered by picrotoxin (n = 2, Supplementary Figure 5b) . Thus, these currents are mediated by direct activation of hChR2 expressed on GABAergic neurons.
We examined whether acute application of rolipram altered laser-evoked IPSCs in slices prepared from mice that received five daily saline or cocaine injections in vivo. Bath perfusion of rolipram (10 μM) produced significant increases in the amplitude of laser-evoked IPSCs in slices prepared from saline-injected mice (t 10 = 2.8, p = 0.020) and cocaineinjected mice (t 12 = 5.8, po0.001; Figure 2c ; Supplementary  Figure 6 ). The IPSC amplitude from cocaine-exposed animals was significantly greater than that of salineexposed animals after the application of rolipram (t 11 = 2.5, p = 0.031; Figure 2c ). Thus, application of rolipram produces greater potentiation of IPSCs in slices prepared from cocaine-injected mice than that in saline-injected mice. These results suggest that in vivo cocaine exposure, which suppresses inhibitory inputs onto VTA dopamine neurons, permits greater PDE4 inhibition-induced potentiation compared to saline exposure.
Effects of Cocaine Exposure and Rolipram Pretreatments on the AMPAR/NMDAR Ratio in VTA Dopamine Neurons
We determined whether the AMPAR/NMDAR ratio was affected in mice that received saline or cocaine injections with rolipram or vehicle pretreatments. A new cohort of mice received 5 daily injections of saline or cocaine (15 mg/kg, i.p.). Rolipram (1 mg/kg, i.p.) or vehicle was injected 30 min before cocaine or saline injection. One day after locomotor activity was assessed, the mice were euthanized and midbrain slices were prepared. The AMPAR/NMDAR ratio was measured in VTA dopamine neurons prepared from these eight groups of mice. There were no significant sex differences of the AMPAR/NMDAR ratio between corresponding groups (Supplementary Figure 7) , so the data from both sexes were pooled in each group. We found that cocaine (F (1,43) = 21.0, p = 0.001) and rolipram (F (1,43) = 18.2, po0.001) had significant effects on the AMPAR/NMDAR ratio, and there was a significant interaction between cocaine and rolipram (F (1,43) = 19.4, po0.001; Figure 3a ). Tukey's post hoc tests indicated that repeated cocaine injections led to a significant increase in the AMPAR/NMDAR ratio compared with saline injections (po0.001; Figure 3a) . Interestingly, compared with the vehicle group, rolipram pretreatments alone increased the AMPAR/NMDAR ratio in saline-injected mice (po0.001) but did not cause any further increase in the AMPAR/NMDAR ratio in cocaineinjected mice (p = 0.871; Figure 3a) . Together, these results Compared with vehicle, rolipram pretreatments increased the AMPAR/NMDAR ratio in slices from saline-injected mice (***po0.001, n = 11) and did not further increase the AMPAR/NMDAR ratio in slices from cocaine-injected mice (p = 0.871, n = 11-12). (b) Acute rolipram perfusion caused a significantly greater increase in the amplitude of evoked EPSCs in slices from saline-injected mice than that in cocaineinjected mice (p = 0.024, n = 6-7). The effect of rolipram in slices from saline-or cocaine-injected mice was blocked by the PKA inhibitor H89 (saline, po0.001, n = 7; cocaine, p = 0.011, n = 6).
PDE4 inhibition restores E-I balance in the VTA X Liu et al indicate that rolipram pretreatments alone increase the AMPAR/NMDAR ratio and do not further increase the cocaine-induced potentiation in the AMPAR/NMDAR ratio in VTA dopamine neurons. To investigate potential mechanisms involved, we investigated the effects of acute bath application of rolipram on evoked EPSCs. Mice received five daily saline or cocaine injections without vehicle or rolipram pretreatment. One day after the last saline or cocaine injection, mice were euthanized and midbrain slices were prepared. Whole-cell recordings of dopamine neurons voltage-clamped at − 60 mV were performed. In slices prepared from saline-injected mice, bath application of rolipram significantly increased the amplitude of evoked EPSCs (t 12 = 5.5, po0.001; Figure 3b ; Supplementary Figure 8) . In slices prepared from cocaineinjected mice, rolipram application also induced a significant increase in the amplitude of evoked EPSCs (t 10 = 2.9, p = 0.016; Figure 3b ; Supplementary Figure 8) , with smaller EPSC potentiation relative to saline-treated animals (t 11 = 2.6, p = 0.024; Figure 3b ). The effects of rolipram in both groups were blocked by the PKA inhibitor H89 (saline, 89.1 ± 2.7%, t 12 = 6.3, po0.001; cocaine, 95.7 ± 6.3%, t 10 = 3.1, p = 0.011; Figure 3b ), suggesting that rolipram increased EPSCs via cAMP-PKA signaling. Thus, repeated cocaine injections in vivo induces synaptic potentiation of glutamatergic inputs onto VTA dopamine neurons, and rolipram pretreatments do not produce further potentiation of excitatory synaptic inputs.
Rolipram Pretreatments Blocked Cocaine-Induced Disruption of Excitatory/Inhibitory Balance
We determined whether repeated cocaine exposure and rolipram pretreatments in vivo altered the balance of excitation and inhibition in VTA dopamine neurons. Mice received 5 daily injections of saline or cocaine (15 mg/kg, i.p.). Rolipram (1 mg/kg, i.p.) or vehicle was injected 30 min before each cocaine or saline injection. One day after the behavioral test, the mice were euthanized and midbrain slices were prepared. We recorded evoked EPSCs and IPSCs sequentially from the same VTA dopamine neurons in slices prepared from these four groups of mice. The NMDAR antagonist CPP (5 μM) was present throughout the experiment. VTA dopamine neurons were voltage-clamped alternatively at the reversal potential for IPSCs (−60 mV) and EPSCs (0 mV) to isolate EPSCs and IPSCs, respectively. Indeed, IPSCs recorded at 0 mV were abolished by the GABA A receptor blocker picrotoxin (50 μM), while EPSCs recorded at − 60 mV were abolished by the AMPAR antagonist CNQX (20 μM; Figure 4a ). We next determined whether cocaine and rolipram treatments altered the E/I ratio in these four groups of mice. Two-way ANOVA indicated that cocaine and rolipram pretreatments had significant effects on the E/I ratio (cocaine: F (1,37) = 12.7, p = 0.001; rolipram: F (1,37) = 8.9, p = 0.005; cocaine × rolipram interaction: F (1,37) = 10.0, p = 0.004; Figures 4b and c) . Tukey's post hoc tests indicated that the E/I ratio was significantly increased in the vehicle/cocaine group compared to the vehicle/saline group (po0.001; Figure 4c ). The increase in E/I ratio induced by in vivo cocaine exposure was blocked by rolipram pretreatment (po0.001; Figure 4c ). Thus, rolipram pretreatment prevents the disruption of excitatory/inhibitory balance in VTA dopamine neurons induced by repeated cocaine exposure.
Rolipram Pretreatment Blocked Cocaine-Induced Increase in In Vivo Action Potential Firing in VTA Dopamine Neurons
Previous studies have shown that repeated cocaine exposure in vivo leads to increased excitability in VTA dopamine neurons (Bocklisch et al, 2013; Liu et al, 2005) . We examined whether cocaine-induced behavioral sensitization was associated with changes in action potential firing in VTA dopamine neurons in vivo. One day after the locomotor activity tests, mice were anesthetized with urethane and in vivo single-unit recordings were performed. Dopamine neurons were identified by firing characteristics (see Materials and Methods) and were validated by juxtacellular labelling with neurobiotin and post hoc TH immunostaining (Chaudhury et al, 2013; Ungless et al, 2004) (Figures 5a  and b) . We found that cocaine exposure and rolipram pretreatments had significant effects on the frequency of action potential firing (cocaine: F (1,66) = 27.4, po0.001; rolipram: F (1,66) = 5.4, p = 0.024; cocaine x rolipram interaction: F (1,66) = 21.2, po0.001; Figure 5c ), and percentage of spikes in bursts in VTA dopamine neurons (cocaine: F (1,43) = 12.5, p = 0.001; rolipram: F (1,43) = 4.5, p = 0.040; cocaine x rolipram interaction: F (1,43) = 18.1, po0.001; Figure 5d ). Tukey's post hoc tests indicated that cocaine exposure significantly increased the frequency of action Figure 5e ). Thus, cocaine locomotor sensitization was accompanied by an increase in the activity of VTA dopamine neurons, and this increase was blocked by rolipram pretreatments.
DISCUSSION
In this study, we investigated the behavioral and electrophysiological effects of rolipram, a PDE4 inhibitor, on cocaine-induced alterations in drug-associated behavior and VTA dopamine neuron neurophysiology. Further, we show that repeated cocaine injections led to an increase in the strength of excitatory inputs but a decrease in the strength of inhibitory inputs to VTA dopamine neurons, tilting the E/I balance towards over-excitation. Rolipram pretreatments reestablish the excitatory/inhibitory balance via rescue of cocaine-induced inhibition of IPSCs.
Female mice exhibit greater basal locomotor activity and augmented cocaine locomotor responses (Balda et al, 2009; Van Swearingen et al, 2013; Walker et al, 2001) . Consistent with these studies, we found that female mice exhibited greater locomotor activity than males both basally and in response to cocaine injections. The effects of rolipram were independent of sex since rolipram pretreatments decreased locomotor sensitization to a similar degree in both males and females. However, we did not find significant sex differences of sIPSCs and AMPAR/NMDAR ratio in corresponding groups. Previous studies did not detect significant sex differences of basal mEPSCs, action potentials and passive electrophysiological properties in the NAc shell of mice (Willett et al, 2016) . On the other hand, mEPSC frequency in the NAc core was higher in females, and cocaine treatment induced a greater increase in mEPSC frequency in the NAc core than that in males (Wissman et al, 2011) . It is thus possible that the sex differences of cocaine-induced locomotor sensitization may not be reflected by changes in excitatory and inhibitory transmission in VTA dopamine neurons, but by changes in the NAc core or other brain regions.
Repeated cocaine exposure in vivo leads to a reduction of GABAergic inhibition to VTA dopamine neurons as shown by decreases in spontaneous and miniature IPSCs (Bocklisch et al, 2013; Liu et al, 2005) . We showed that rolipram pretreatments in vivo blocked cocaine-induced decreases in the frequency and amplitude of spontaneous IPSCs in VTA dopamine neurons ex vivo. How might rolipram block the cocaine-induced reduction of GABAergic inhibition? Our previous studies have implicated endocannabinoid-mediated long-term depression of inhibitory synapses (I-LTD) in cocaine-induced reduction of GABAergic inhibition in VTA dopamine neurons (Pan et al, 2008a, b) . Endocannabinoidmediated I-LTD is mediated by a decrease in cAMP/PKA signaling (Chiu et al, 2010; Pan et al, 2008b) since cannabinoid receptors (CB 1 ) are Gα i/o protein-coupled receptors whose activation leads to decreased cAMP/PKA activity (Howlett, 2005) . PDE4 inhibitors increase cAMP levels in the brain (Conti et al, 2003; Lugnier, 2006; Zhang, 2009) . Indeed, we found that acute bath perfusion of the PDE4 inhibitors rolipram and Ro 20-1724 block I-LTD in VTA dopamine neurons via an enhancement of cAMP/PKA signaling (Zhong et al, 2012) . It is thus likely that rolipram pretreatments blocked the cocaine-induced reduction of GABAergic inhibition through blockade of I-LTD-like synaptic modifications. To investigate this further, we utilized optogenetics to interrogate the specific effects of rolipram on inhibitory transmission from GABAergic neurons to dopamine neurons in the VTA. By using Creinducible AAVs carrying a 'double-floxed' inverted open reading frame, we selectively expressed hChR2-eYFP in VTA GABAergic neurons in Gad2-IRES-Cre mice that received saline or cocaine injections for 5 days. A brief laser stimulation of hChR2-eYFP in VTA GABAergic neurons induced IPSCs in VTA dopamine neurons. Bath perfusion of rolipram caused greater enhancement of IPSCs in slices from cocaine-injected mice than in slices from saline-injected PDE4 inhibition restores E-I balance in the VTA X Liu et al mice. These results suggest that inhibitory synapses had been depressed in vivo via I-LTD-like synaptic modifications, permitting a greater potentiation by rolipram in slices. Alternatively, repeated cocaine injections may produce an increase in PDE4 activity and/or expression in GABAergic neurons in the VTA, thus inhibition of PDE4 with rolipram would therefore cause greater potentiation of IPSCs in these slices. As CB 1 -mediated I-LTD is presynaptic (Heifets and Castillo, 2009) , it is likely that rolipram regulates IPSCs via a presynaptic mechanism. There is ample evidence that single or repeated cocaine injections in vivo leads to an increase in the AMPAR/ NMDAR ratio in VTA dopamine neurons (Argilli et al, 2008; Bellone and Luscher, 2006; Borgland et al, 2004; Liu et al, 2005; Mameli et al, 2007; Ungless et al, 2001) . We found that repeated cocaine injections for 5 days led to an increase in the AMPAR/NMDAR ratio in VTA dopamine neurons ex vivo, while rolipram pretreatments alone increased the AMPAR/NMDAR ratio in slices from saline-injected mice but did not further increase the AMPAR/NMDAR ratio in slices from cocaine-injected mice. The cocaine-induced increase in the AMPAR/NMDAR ratio requires D 1 dopamine receptors (Argilli et al, 2008; Brown et al, 2010) . The D 1 receptor is a G αs -coupled receptor which, when activated, leads to activation of cAMP/PKA signaling (Anderson and Pierce, 2005; Neve et al, 2004; Tritsch and Sabatini, 2012) . By blocking cAMP degradation, PDE4 inhibition also enhances cAMP/PKA signaling. PKA activation is required for the cocaine-induced increase in the AMPAR/NMDAR ratio in VTA dopamine neurons (Argilli et al, 2008; Brown et al, 2010; Liu et al, 2016) . Indeed, we found that the potentiation of AMPAR-EPSCs by bath perfusion of rolipram was blocked by the PKA inhibitor H89. PKA phosphorylates GluA1 at S845, increasing the conductance and open probability of the AMPAR channel (Banke et al, 2000) . Additionally, PKA enhances synaptic strength via presynaptic mechanisms (Chavez-Noriega and Stevens, 1994) . We therefore suspect that rolipram potentiates AMPAR-EPSCs by pre-and postsynaptic mechanisms. Thus, activation of cAMP/PKA signaling appears to be required for the increase in the AMPAR/NMDAR ratio induced by repeated cocaine injections and rolipram pretreatments.
VTA dopamine neurons are heterogeneous (Brischoux et al, 2009 ) and show projection-specific synaptic plasticity in response to cocaine treatment (Lammel et al, 2011) . A limitation of the present study is that dopamine neurons were recorded without knowing their projection targets. The majority of recordings were done in the parabrachial pigmented nucleus (PBP), a major subdivision of the VTA. Dopamine neurons in the lateral PBP often project to the lateral shell of the NAc, while those in the medial PBP project mainly to the medial shell of the NAc (Lammel et al, 2008 (Lammel et al, , 2011 . It is likely that dopamine neurons recorded in this study would project mainly to the shell of the NAc. Cocaine exposure is known to modulate excitatory synapses onto NAc shell-projecting dopamine neurons in the VTA (Lammel et al, 2011) .
A recent study has shown that although the strength of total synaptic inputs to visual cortical neurons varied between cells, the ratio of excitatory and inhibitory input remained constant (Xue et al, 2014) . The imbalance between excitation and inhibition has been implicated in a variety of neurological disorders including epilepsy, schizophrenia, and autism spectrum disorders (Nelson and Valakh, 2015) . A balanced inhibition not only prevents epileptic activityinduced excitotoxicity but is also thought to contribute to sharpening the selectivity of excitatory sensory responses (Nelson and Valakh, 2015; Tao et al, 2014; Zhou et al, 2014) . We showed here that repeated cocaine exposure in vivo led to an imbalance between excitation and inhibition, manifested by an increase in the AMPAR/NMDAR ratio and a decrease in sIPSC amplitude, which may have led to the increased E/I ratio we observed. Interestingly, rolipram pretreatments restored the E/I ratio, putatively through enhancement of GABAergic inhibition. The cocaine-induced reduction of inhibition could lead to enhanced synaptic "noise" and aberrant reinforcement learning, whereas rolipram pretreatments blocked such changes.
A direct consequence of imbalance between excitation and inhibition may be an increase in excitability (Bocklisch et al, 2013; Liu et al, 2005) . Midbrain dopamine neurons selectively respond to reward and reward-predicting stimuli by an increase in action potential firing (Schultz, 2001) . We found that repeated cocaine exposure led to an increase in the frequency of single unit activity in VTA dopamine neurons in vivo, while rolipram pretreatments blocked the cocaine-induced increase in action potential firing. The restoration of E/I balance by rolipram pretreatments might explain how rolipram blocked the cocaine-induced increase in single-unit firing in VTA dopamine neuron in vivo. One caveat is that AP firing is not only affected by excitatory and inhibitory synaptic inputs but also by intrinsic excitability. Withdrawal from repeated cocaine exposure in vivo produces similar potentiation of glutamatergic excitation but reduction of GABAergic inhibition to medium spiny neurons in the NAc shell (Ishikawa et al, 2013a; Ishikawa et al, 2013b; Otaka et al, 2013; Wolf, 2016) . However, cocaine exposure in vivo or withdrawal leads to enhanced or depressed in vivo AP firing in the NAc under different experiment conditions (Guillem et al, 2014; Peoples et al, 2007) . Thus, the changes in firing rate cannot be solely attributed to the shift of the balance between excitation and inhibition. Nevertheless, we found that in the presence of glutamate and GABA A receptor antagonists, AP firing in VTA dopamine neurons was not significantly different in midbrain slices prepared from saline or cocaine-injected mice that had received vehicle or rolipram pretreatments (Supplementary Figure 9) . Thus, it is likely that the shift of the balance between excitation and inhibition might at least partially explain why cocaine exposure and rolipram pretreatments alter VTA dopamine neuron AP firing in vivo.
PDE4 inhibitors have been shown to reduce drug intake and/or drug seeking for psychostimulants, alcohol, and opioids (Hu et al, 2011; Lai et al, 2014) , suggesting that PDE4 could be a therapeutic target for several classes of substance use disorders (Olsen and Liu, 2016; Wen et al, 2015) . Most relevant to the present study are the findings that rolipram pretreatments block cocaine-induced increases in locomotor activity, behavioral sensitization, CPP and self-administration (Janes et al, 2009; Knapp et al, 1999; Thompson et al, 2004) . We have shown that intra-VTA injection of rolipram attenuated cocaine CPP, suggesting that the VTA is involved in the action of rolipram (Zhong et al, 2012) . Here we extended the above studies in an important PDE4 inhibition restores E-I balance in the VTA X Liu et al way by showing that repeated cocaine exposure disrupted the balance between excitation and inhibition, with PDE4 inhibition putatively restoring this balance by enhancing GABAergic inhibition. Our study has revealed previously unrecognized cellular mechanisms for the actions of the PDE4 inhibitors.
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